Here, molecular dynamics simulations have been carried out on phosphate glasses to clarify the previously debated influence of fluoride on the bioactivity of these glasses. We developed a computationally advanced inter-atomic force field including polarisation effects of the fluorine and oxygen atoms. Structural characterisations of the simulated systems showed that fluoride ions exclusively bond to the calcium modifier cations creating clusters within the glass structure and therefore decreasing the bioactivity of fluoridated phosphate glasses, making them less suitable for biomedical applications.
oxygen (BO) when it links two tetrahedra via a P-O-P bond and as a non-bridging oxygen (NBO) if no such bond exists. The mean number of BO atoms per phosphorus atom is the network connectivity (NC) [14] . The NC is the main structural parameter affecting the bioactivity of the PGs. Amorphous glasses allow more flexibility in composition because they are not dependent on a specific stoichiometry as crystals are. Therefore, different amounts of ions with physiological activity and/or therapeutic properties can also be incorporated into glasses [7, [15] [16] [17] [18] [19] .
In this paper, we focus on bioactive glasses containing fluoride which is beneficial in dentistry as it prevents caries (tooth decay) [2, 20, 21] . Fluoride induces the enhancement of tooth enamel remineralisation, the inhibition of enamel demineralisation and bacterial infections. Fluoride ions cause fluorapatite to form in physiological solutions [22, 23] . This fluoridated form of hydroxyapatite, which is the main component of the tooth, is more stable against acid attacks than hydroxyapatite [24] .
Our aim in this paper is to understand how the incorporation of fluoride ions affects the bioactivity. Conventional definitions of bioactivity often refer to a material's ability to mineralise apatite on its surface either in vitro or in vivo after implantation. Although there is evidence for apatite formation on the surface of phosphate glasses [25] , typical compositions dissolve too fast for this to be a particularly relevant descriptor of the glass's properties. When referring to the bioactivity of these compositions, we refer more broadly to the reactions which it undergoes when implanted in vivo. For these compositions, we are able to characterise the changes in bioactivity caused by fluoridation of the glass by connecting changes in the atomic structure of the glass to its dissolution rate.
In order to obtain the most detailed representation of its structural organisation, the structure of PGs is investigated using computer simulation. Molecular dynamics simulations have often been used to complement experimental data by highlighting different effects [26] [27] [28] [29] [30] [31] [32] which can be linked to the bioactivity such as the coordination environment of network formers, tendency of modifiers to form clusters, inhomogeneities and the existence of chain and ring nanostructures. Additionally, in some cases the acquisition of experimental measurements have proved to be complicated, time consuming or even unattainable [33, 34] . Therefore, simulations are an efficient and reliable way to map relevant structural features and link the composition of PGs to their structure and solubility.
When considering the effect of fluoride incorporation, there are different phenomena which affect the bioactivity. The single charge on F − implies that a bridging fluorine atom cannot exist and hence that any F-P bonding in which the fluorine atom would take the place of an oxygen atom in a PO 4 (now PO 3 F) tetrahedron will reduce the NC and hence increase dissolution rate. Conversely, any fluoride clustering to the modifier ions will separate the glass into modifier-rich (phosphate-poor) and modifierpoor (phosphate-rich) regions, which will not change the average NC, but will cause local changes which might affect the dissolution rate of the glass. The NC will also change depending on how exactly the fluoride is incorporated, for example, fluoridation of silicate glass is observed to reduce the rate of apatite formation [35] when CaF 2 is substituted directly for CaO, but fluoridation in this way also causes an increase in NC which would be expected to decrease the rate of apatite formation and hence bioactivity. When CaF 2 is added to a calcium silicate glass and NC is kept constant, a decrease in rate of apatite formation and hence bone-bonding ability is observed [36] , and in vivo experiments on a F-containing silicate glass showed the "absence of a continuous Si-rich layer" [37] , one of the necessary steps in the bioactive mechanism. More recent work on silicate glass compositions with different fluoride content but constant NC has shown that high-F content glasses often crystallize fluorite at the expense of apatite [22] , and other work has shown that the rate of apatite formation increases with increasing phosphate content in a silicate glass [23] . A full understanding of the connections between glass composition, structure, and bioactivity continues to be challenging to obtain.
Two previous studies on the structure of fluoridated PGs have been contradictory. Classical molecular dynamics simulations saw no F-P bonding and concluded that the addition of fluorine leads to the formation of clusters [25] . Another study used quantum-mechanical modelling and observed a significant amount of F-P bonding implying negligible clustering [29] . To clarify the influence of fluorine on the formation of clusters, we developed a classical interatomic force field with ionic charges and used a shell model to include polarisation effects [38] . The use of polarisable force fields is crucial to obtain a correct description of medium range structure and hence the bioactivity [34] . We use this force field to model accurately the atomistic structure of P 2 O 5 (50−x/2) -CaO (50−x/2) -CaF 2(x) with x = 0,2,5 using the molecular dynamics code [39, 40] DL_POLY Classic [41] . The amount of CaF 2 is increased while the network connectivity is kept constant to remove any effect of changing the NC on bioactivity. We show the extent of the fluorine clustering and discuss its effect on the dissolution rate, and hence bioactivity, of fluoridated PBGs.
Materials and methods

Polarisable force field development
In this work, we developed a force field based on the Born-Mayer ionic model [42] which assumes that the ions in the glass interact via long-range Coulombic internal forces, short-range two-and three-body interactions. The shortrange interactions between ions i and j are expressed using the Buckingham potential. The expression for the Buckingham potential energy is:
where i and j are atomic species, A ij , ρ ij and C ij are the Buckingham potential parameters of the i − j interaction, and r ij is the distance between ions i and j. The Coulombic energy is expressed as
where q i is the charge of ion i and ϵ 0 is the permittivity of free space. The force field in this work takes into account the polarisation of the oxygen and fluorine atoms using the shell model [38] . In the shell model, the polarisability is included by splitting the atom's total charge into a core of charge (Z+Y) and a shell of charge (−Y) as shown in Figure 1 .
The core and shell are linked by a harmonic spring with energy:
where k i represents the force constant of the harmonic spring, and r i the distance between the core and the shell. The values for the core and shell charges for the oxygen were kept at the values derived by Catlow et al. [43] ( Table 1 ). We used ionic charges to represent the calcium and phosphorus ions. In this model, the short-range forces are set to act on the shell whereas Coulombic forces act on both shells and cores. To sum the electrostatic interactions, we used the Ewald summation [44] . The effect of an electric field is to separate the core and the shell, giving rise to a polarisation dipole. The short-range forces affect the polarisability which becomes environment-dependent. The adiabatic shell model is used in this work, where the shell is given a mass m (typically~0.2 amu) chosen so that the frequency of vibration of the harmonic spring is well above the frequency of vibration of the atoms in the bulk system. This is necessary to avoid significant exchange of kinetic energy between the core-shell unit and the rest of the system. Therefore, the core-shell units should have a negligible energy in comparison to the potential energy of the interatomic bonds. There can be a slow leakage of kinetic energy into the core-shell units, but this represents a negligible amount of the total kinetic energy and this can be corrected by a frictional term. Finally, the three-body interactions are included through a harmonic potential. This three-body potential, also known as the bond-bending term, introduces an energy penalty for any deviation from the equilibrium bond angle θ 0 and is written as:
where k ijk and θ ijk respectively represent the strength of the bond-bending term, and the bond angle between the three ions i, j and k. For transferability of the force field, already existing potentials developed for phosphate glasses [31, 45, 46] and fluorapatite [43, 47] were used to derive the potential. The P-Fs, P-Fs-P, Fs-P-Fs and Fs-P-Os interactions (where e.g., Fs is the shell on the fluorine atom) were fitted empirically to the structures and elastic constants of relevant crystals (Ca 5 FO 12 P 3 , PF 5 , POF 3 and CaF 2 ). The energy minimisation code used is the General Utility Lattice Program (GULP) [48] . The accuracy of the potential fitting is determined by the percentage of errors between the optimised lattice structure and the experimental data, summed over all lattice parameters, corresponding to minimising F in the equation below:
where w i is the weight attributed to each parameter f i . In this work, w i was equal for all parameters.
Molecular dynamics simulations
Once the potential was derived, classical molecular dynamics simulations were carried out using the DL_POLY code [41] to obtain an accurate atomistic description of the system. Three different compositions (Table 2) in the (P 2 O 5 ) (50−x/2) (CaO) (50−x/2) (CaF 2 )x system were modelled: one with 0 mol% of CaF 2 (referred to as F0), one with 2 mol% of CaF 2 (F2) and one with 5 mol% of CaF 2 (F5). The amount of CaF 2 was increased while the ratio of the number of oxygen atoms to the number of phosphorus atoms, and hence the network connectivity, were kept constant. The densities of the compositions of fluoridated phosphate glasses modelled (F2 and F5 in Table 2) were not available in the literature or glass properties databases or experimentally achievable. We have therefore estimated the densities from density data on calcium phosphate bioglasses [29, [49] [50] [51] [52] , based on the fractional increase in density observed when fluorine was added to ternary silicate glasses [51] , as in ref. [29] . The starting configurations consisted of quasirandomly placed atoms in a cubic box positioned so that two atoms would not be found within 80-90% of their expected interatomic separation. The molecular dynamics runs were then performed in a constant volume and temperature canonical (NVT) ensemble. The different simulations were run using a well-established and reliable methodology to model glasses [3, 25, 26, 31, 45, 53] . For each composition the initial configuration was run at [43] 99731834.0 0.1201 17.02 Ca-Fs [43] 1272.8 0.29971 0.0 P-Os [31] 1020.0 0.34322 0.03 Os-Os [31] 22764.3 0.149 27.88 Ca-Os [31] 2152.3566 0.309227 0.09944 2500K until the system reaches an equilibrium. Following that, the system was gradually cooled down from 2500K to 300K ensuring that the system reached thermal equilibrium for each of the temperatures (2500K, 2000K, 1500K, 1000K, 650K and 300K). Each step was run for 40ps which corresponds to an overall cooling rate of 9-10K/ps. This cooling rate has been shown to give reliable results in terms of medium-range structure [26] . In this paper all data are taken from averages of five independent simulations for each composition.
Results and discussion
Polarisable force field
The optimised potential is given in Tables 3 and 4 and the lattice parameters of the corresponding crystal structures optimised with the potential are presented in Table 5 . The results obtained on the optimised structures of Ca 5 FO 12 P 3 , POF 3 and CaF 2 were in good agreement with the experimental lattice parameters, with an average error of 2.67, 1.28 and 0.51% respectively. PF 5 showed a higher percentage of error between the optimised structure and the experimental data. However, when we take into account the small amount of fluorine that we have put in our models (with a maximum of 5 mol%) a configuration where five fluorine atoms are bonded to one phosphorus atom is very unlikely. 
Analysis of the structure of F-PGs
Through this work, we aim to characterise the atomic structure of fluoridated phosphate glasses and the effect that the addition of fluorine will have on the bioactivity. Many studies have been carried out to study the atomistic structure of fluorine-free phosphate glasses using both experiment [4, 13, [54] [55] [56] [57] [58] and simulation [3, 31] . More recent research conducted on fluoridated phosphate glasses [25, 29] has found different amounts of fluorine clustering, which will affect the bioactivity. To resolve the contradictory results in those studies, we will therefore concentrate on the structure surrounding the fluorine atoms and present a full analysis of the structure of F-PG, including the extent of any fluorine clustering. For all the compositions simulated, the partial paircorrelation function g P−O (r) shown in Figure 2 indicated the presence of two kinds of phosphorus bonding with bond lengths around 1.47 Å and 1.61 Å which respectively correspond to the double and single bond between the phosphorus and the oxygen atoms. The pair-correlation functions (Figure 2 (top) ) overlap for the F0, F2 and F5 compositions, which implies that the P-O bonding does not depend on composition, in agreement with previous simulations of fluorine-free phosphate glasses [30] . Neutron diffraction experiments [58] showed that the P-O distance depends on the ratio y = n(M 2/µ )/n(P 2 O 5 ) where n(x) is defined by the molar amount of the species x and µ represents the charge of the modifier M. For y = 1.04 (our composition) the corresponding P-NBO and P-BO bond lengths should be around 1.51 Å and 1.62 Å respectively, with which we are in good agreement.
In the F2 and F5 compositions, the partial paircorrelation functions g P−F (r) (Figure 2 ) shows its first peak at a distance of 4.5-4.6Å. Typical P-F chemical bonds, in crystals such as PF 5 , are usually around 1.5Å. We therefore observe no fluorine atoms bonding to the phosphorus atoms. The only atoms coordinated to the phosphorus are the oxygen atoms. 99.6% of the phosphorus atoms are coordinated to four oxygen atoms for all the different compositions. (The remaining 0.4% are coordinated to three or five oxygen atoms.) Analysis of the partial pair correlation functions g Ca−O (r) and g Ca−F (r) (Figure 3) shows that the Ca-O and Ca-F bond lengths are 2.31Å and 2.21Å respectively. Those values represent characteristic Ca-O and Ca-F distances for F-PGs [29] . The calcium atom therefore binds chemically to both fluorine and oxygen atoms. The Ca-F coordination numbers are respectively 0.19 and 0.56 for the F2 and F5 compositions and the Ca-O CNs are 6.763 ± 0.002, 6.57 ± 0.01, 6.05 ± 0.01 respectively for F0, F2 and F5. The Ca-O coordination number therefore decreases with increasing CaF 2 content while the coordination number of Ca-F increases. The fluorine atom replaces the oxygen atom in the calcium atom's first coordination shell, whereas the phosphate part of the glass structure is affected very little. 
Clustering
Visualisation of the F5 composition shows clustering formed of fluorine and calcium atoms (Figure 4) . These clusters show the segregation of the glass network into modifier-rich and network-rich regions, with different solubilities in a physiological environment. These clusters, which are also observed in silicate glasses [59] , could lead to the formation of a discontinuous apatite layer on the surface of the bioactive glasses once implanted in the body. This uneven apatite layer could result in a decrease of the bioactivity of the glasses. The clustering ratio of the different models can be defined as the ratio R X−Y of the observed total number of atoms of species Y found within a coordination sphere of an atom of species X(N X−Y ,MD ) compared to that expected if the atoms were homogeneously dispersed N X−Y ,hom . It can be calculated using the following formulas [27, [60] [61] [62] .
where δ (X−Y) is 1 if X = Y and 0 otherwise and rc is a cutoff distance at which the X − Y coordination number of interest CN X−Y is calculated. N X represents the total number of X atoms contained in the whole simulation box of volume V box . The clustering ratio for the fluoridated phosphate glasses are calculated with rc=4Å and are shown in Table 6 . For each composition, clustering ratios of Ca, F, P, and O were calculated at the beginning (2500K) and at the end (300K) of the simulation. We observe clear evidence of substantial fluorine clustering throughout the simulation (Figure 4 ). During the simulation, there is an increase of the clustering ratio for the F-F and Ca-F interactions and a small decrease for the P-F interactions. These results are in agreement with the pair-correlation functions and visualisation. They also show that the high level of fluorine clustering observed at the end of the simulation is a result of the quench: that fluorine atoms form clusters during the cooling. Previous ab initio simulations [29] concluded different results in terms of phosphorus to fluorine bonding. We believe that the observed phosphorus to fluorine bonding in that study is probably due to the small size of the model (197 to 363 atoms) which might not be large enough to observe all kind of possible interactions, and the larger cooling rate necessary for ab initio simulations.
Conclusion
This study presents classical molecular dynamics simulations of fluorine-containing phosphate glasses in the P 2 O 5 -CaO-CaF 2 system. A novel empirical force field was developed with ionic charges and the use of a shell model for polarisation effects. The classical MD simulation results showed that the addition of fluorine leads to the repolymerisation of the network into glass network-modifierrich and network-former-rich regions, with differing solubilities, as has also been reported for fluoride-containing silicate glasses [2] . This segregation is driven at the atomic scale by fluorine's preference to bond exclusively to the calcium atoms; indeed, no phosphorous to fluorine bonding was observed. We conclude that the addition of fluorine into phosphate glasses will lead to a decrease of the bioactivity of the glass. Our results imply that the segregation of the network will cause the formation of an uneven fluoroapatite layer when the glasses are implanted in the body as the ionic-rich and network-rich regions will dissolve at different rates. These variations in dissolution rate could detrimentally affect the fluoridated phosphate glasses' suitability for biomedical applications.
